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Extending general relativity by adding extra degrees of freedom is a popular approach for explain-
ing the accelerated expansion of the Universe and to build high energy completions of the theory of
gravity. The presence of such new degrees of freedom is, however, tightly constrained from several
observations and experiments that aim to test general relativity in a wide range of scales. The
viability of a given modified theory of gravity, therefore, strongly depends on the existence of a
screening mechanism that suppresses the extra degrees of freedom. We perform simulations, and
find that waves propagating in the new degrees of freedom can significantly impact the efficiency
of some screening mechanisms, thereby threatening the viability of these modified gravity theories.
Specifically, we show that the waves produced in the symmetron model can increase the amplitude
of the fifth force and the parametrized post-Newtonian parameters by several orders of magnitude.
Since 1998, it has been known that the Universe ex-
pands at an accelerating rate that is consistent with the
existence of a cosmological constant [1]. Attempts to in-
terpret the cosmological constant as the vacuum energy
from particle physics yields a mismatch of several orders
of magnitude. This is known as the cosmological constant
problem [2]. A possible solution to this problem may lie
on an extension of general relativity in such a way that
a new gravity degree of freedom drives the accelerated
expansion on large scales [3].
General relativity is, however, one of the most success-
fully tested theories in a wide range of scales; including
table top experiments on Earth, laser ranging and ra-
dio wave bending in the Solar System, the rotation of
black hole binaries, and the timing of pulsars [4]. There-
fore, any modification to Einstein’s gravity must include
a screening mechanism to hide the new extra degree of
freedom and reduce the theory to general relativity in
those well tested regimes [5].
The common feature to all the screening mechanisms
proposed in the literature is that they are built, and
their efficiency tested, assuming the so called quasistatic
approximation for the field equations. For instance, in
scalar-tensor theories, a scalar degree of freedom is in-
troduced into the standard Einstein-Hilbert action. This
field follows the Klein-Gordon equation of motion, which
determines both its time and spatial variations. When
constructing screening mechanisms to hide the scalar
field within the accurately tested regimes, the quasist-
atic approximation is invariably applied to the equations
of motion for the field. This simplifies the calculations by
implying that the scalar field is at rest in the minimum
of the local effective potential at all points in space and
time. This reduces the equation of motion to a Poisson-
like equation, which is readily solved to find the approx-
imated scalar field value at any point.
Notice, however, that the full equation of motion for
the scalar field is, in fact, a second order differential equa-
tion in time, more similar to a wave equation. Therefore,
ignoring the time evolution of the field, via the quasist-
atic approximation, is to shortfall effects that are only
possible to realize when considering the full equation of
motion [6, 7].
In this Letter, we find that, when relaxing the quasi-
static approximation, the presence of waves may result
in striking consequences for the efficiency and viability
of the screening mechanism. In particular, we show that
energetic waves in the extra degree of freedom strongly
weaken the screening process for a theory with a standard
kinetic term. Therefore, modified gravity theories previ-
ously considered viable may, in fact, be ruled out by the
present days gravity experiments and observational data.
To understand the implications of these waves in greater
detail, we simulate a scalar degree of freedom with ex-
ternally generated waves. The waves propagate radially
in towards a spherically symmetric matter distribution,
modeled after the Milky Way halo.
The Model.—As a working example, we implement a
specific form of modified gravity called the symmetron
[8]. This is a scalar-tensor theory with a screening mech-
anism, constructed to hide modifications to general re-
lativity in high density regions. In spite of this spe-
cificity, the results presented in this Letter should be
considered for any modified gravity theories that have
extra degrees of freedom with wave-type equations of
motion. Examples of such screening mechanisms include
the chameleon [9], disformal [10], Dirac-Born-Infeld fields
[11], or K-mouflage [12].
We consider the following general scalar-tensor action
2for canonical scalar fields:
S =
∫ [√−g
(
R
16piG
− 1
2
φ,µφ,µ − V (φ)
)
+
√
−g˜L˜m
]
d4x,
(1)
where g is the Einstein frame (geometric) metric, and g˜
is the Jordan frame metric — the metric dictating the
geodesics of particles. R is the Ricci scalar, and L˜m is
the Lagrangian density of matter (computed using the
Jordan frame metric g˜). The field potential V (φ) is the
quartic symmetron potential with the three free para-
meters µ, λ, and V0
V (φ) = −1
2
µ2φ2 +
1
4
λφ4 + V0. (2)
The Jordan frame metric g˜ is related to the Einstein
frame metric according to the conformal transformation
g˜µν = C (φ) gµν . The specific form of C for the symmet-
ron is C (φ) = 1 + (φ/M)2 . The mass scale M is a free
parameter that gives the strength of the interaction with
the matter fields.
The equation of motion for the scalar field is
φ¨+ 3Hφ˙− 1
a2
∇2φ = −ρC,φ (φ)
2C (φ)
− V,φ (φ) , (3)
where a dot represents a partial derivative with respect
to cosmic time, H = a˙a is the Hubble parameter, and a is
the scale factor. The Einstein frame metric is assumed to
be a flat Friedmann-Lemaˆıtre-Robertson-Walker metric
with a single scalar perturbation ΨE , specifically
ds2 = − (1 + 2ΨE) dt2 + a2 (t) (1− 2ΨE) dr2. (4)
For convenience, we normalize the field to the vacuum
expectation value of the symmetron field, φ0 ≡ µ√λ . As
such, the new dimensionless field χ = φ/φ0 should be-
have in a controlled way, with |χ| . 1. Also, for numer-
ical convenience, we introduce the parameter aSSB, which
defines the expansion factor at the time of spontaneous
symmetry breaking. We also introduce a dimensionless
symmetron coupling constant β ≡ φ0MPlM2 , and the range
of the symmetron field in vacuum, λ0 ≡ 1√2µ . By taking
into account these definitions, we can rewrite Eq. (3) as
χ¨+3Hχ˙− ∇
2χ
a2
= − 1
2λ20
[(
a3SSB
C
ρ
ρ0
− 1
)
χ+ χ3
]
, (5)
where ρ is the total matter density, and ρ0 the back-
ground density of the Universe.
As a working example, we fix the symmetron paramet-
ers such that β = 1, aSSB = 0.5, and λ0 = 0.25Mpc/h.
This is equivalent to a symmetron mass
M = 3.4 × 10−4Mpl = 4.2 × 1015GeV/c2. These para-
meters are being widely assumed to represent a viable
model that evades all the bounds from both Solar System
and astrophysical data. With this choice of parameters,
we aim to prove that even such a model may, in fact, be
ruled out when one fully integrates the equations of mo-
tion of the field without the quasistatic assumption and,
thereby, allow for the effects of the scalar waves.
Solar System constraints.—In order to test how screen-
ing mechanisms work in the Solar System, the community
generally chooses a static, spherically symmetric mat-
ter distribution to mimic the Galaxy. We follow this
approach and choose the Navarro-Frenk-White (NFW)
density profile with the characteristics to represent the
Milky Way Galaxy, specifically with a virial radius of
rvir = 137 kpc/h and concentration c = 28, resulting in
a halo mass of 1.0 × 1012M⊙ and a circular velocity of
220 km/s at 8 kpc. The reason for the high value of the
concentration is simply that we are modeling not only
dark matter, but the total matter of the Milky Way,
which is more concentrated than the pure dark matter
halo. We also did the calculations with an Einasto pro-
file with identical virial mass, and found that the res-
ults presented in this Letter are not very sensitive to the
choice of distribution. Because of limitations of spherical
symmetry, we did not model a galactic disc.
One of the most precisely measured gravity parameters
to probe deviations from general relativity is the para-
metrized post-Newtonian (PPN) parameter γ. It can be
expressed as the ratio of the metric perturbations in the
Jordan frame, ΨJ and ΦJ . We find the expression for
γ − 1 to be
γ − 1 = − φ
2
M2
2
φ2
M2 − 2ΨE − 2ΨE φ
2
M2
. (6)
In general relativity, γ = 1 exactly. The strongest con-
straint to date, measured by the Cassini spacecraft [13],
is γ − 1 = (2.1± 2.3)× 10−5.
The screening mechanism of the symmetron model
works by modifying the effective potential such that the
field value is pushed towards zero in high density regions
– like the inner regions of the Galaxy. This results in
γ − 1→ 0, such that the deviations from general relativ-
ity in the proximity of the Solar System are small. The
same occurs for the fifth force Fφ associated to the scalar
field.
We calculate the γ parameter arising from the
smoothed matter distribution of the Milky Way. Note
that, by using this method, we find an upper bound on
the actual value of |γ−1| in the inner Solar System. This
is because we do not include the presence of massive bod-
ies like the Sun, which will increase the screening to some
degree. Nevertheless, most of the screening is believed to
come from the matter distribution of the Galaxy because,
in the symmetron model, the Solar System cannot screen
itself in vacuum, and therefore, the theory depends on a
working screening from the Galaxy.
Simulations.—Since the equation of motion is a hyper-
bolic partial differential equation, it can be solved as an
3initial value and boundary condition problem. The initial
condition at t = 0 is chosen to be the static solution of
the nonlinear Klein-Gordon equation of motion. With a
constant boundary condition, this would imply that the
field will stay at rest forever. The boundary condition at
the edge of the simulation at rmax is chosen to emulate
incoming sinusoidal waves in the scalar field, specifically
χ(rmax, t) = χ0(rmax) + A sin (ωt). Possible sources of
such waves will be discussed later.
We set up a radial grid, divided into linearly spaced
steps ∆r up to rmax = 4Mpc/h. On each of the grid
points we specify the matter density according to the
NFW halo. Starting from the initial value and with the
inclusion of incoming waves, we evolve Eq. (5) forward
in time steps of size ∆t, using the leapfrog algorithm for
time integration in each grid point. Tests of this tech-
nique applied to the symmetron are presented in [6, 14].
We are only interested in events that happen during the
last few megayears of cosmic time, meaning that we take
the approximations z ≈ 0 and a ≈ 1 in all computa-
tions. Spatial derivatives are found using a finite differ-
ence method in spherical coordinates, assuming all de-
rivatives in the tangential directions vanish. The code
outputs the evolution of the scalar field and, more im-
portantly, the value of |γ − 1| at 8 kpc from the center—
corresponding to the position of the Solar System in the
Milky Way.
We confirm that the values used for technical paramet-
ers of our solver give a stable solution by running con-
vergence tests. These are performed by increasing the
resolution in factors of two (both temporal and spatial
resolution separately) until the resulting scalar field at
some later time tmax does not change significantly with
resolution.
Results.—Figure 1 shows an example of how the PPN
parameter γ changes when a wave enters the inner 100
kpc of the Milky Way. The vertical line shows the pos-
ition of the Solar System, which we assume to be 8 kpc
from the Galactic center. The modifications to gravity
are initially screened very well in the regions around this
position, with |γ − 1| < 10−8 (blue dashed line). How-
ever, after the wave has arrived (black solid line), the
scalar field is perturbed enough to breach the Solar Sys-
tem constraints, |γ − 1| > 2× 10−5. In other words, the
screening mechanism breaks down under these circum-
stances. The wave in this particular simulation has an
amplitude A = 0.01 and a frequency ω = 40 Myr−1. The
cusps are regions where the scalar field is zero, which ex-
ist since the wave oscillates both above and below χ = 0.
When measuring γ arising from a single sinusoidal
wave with low frequency, there is a possibility that the
local wave is between two extrema at the time of measure-
ment. This could render this kind of detection difficult for
several thousand years. Nevertheless, given that various
astrophysical events—such as supernovae—can generate
waves, the probability that one of the wavefronts would
Figure 1. The PPN parameter |γ − 1|, plotted against dis-
tance from the center of the Galaxy. The curves show |γ − 1|
in the quasistatic case (blue dashed line), as well as after a
scalar wave has entered the halo (black solid line). The ver-
tical (green dotted) line indicates the position of the Solar
System, and the horizontal (red dotted) line indicates the
highest allowed value of γ − 1 in the Solar System from the
Cassini experiment. When the wave enters the Milky Way, it
increases the value of |γ − 1| by several orders of magnitude.
bring us away from the minima at the present time is not
negligible.
In order to investigate how our result depends on the
frequency ω and amplitude A of the waves, we simulate
incoming waves with several values of these two paramet-
ers. Figure 2 shows the maximum growth of |γ − 1| that
we found at 8 kpc from the Galactic center. Brighter
colors mean a larger increase of |γ − 1| compared to the
quasistatic approximation. The values of the frequency
and amplitude that lie in the black region of the plot,
give waves that do not significantly impact γ compared
to the quasistatic solution. Therefore, in this region of
parameter space, the screening mechanism is efficient and
hides the extra degree of freedom from gravity experi-
ments.
From Figure 2, it is possible to conclude that higher
frequencies and amplitudes for the incoming scalar waves
give larger deviations from the general relativity result
(i.e., γ = 1). The limit where amplitude and frequency
go to zero is equivalent to the quasistatic limit, where no
waves are produced and their energy is zero. As one goes
into the high frequency and amplitude regime, the waves
carry more energy, and therefore, the PPN parameter γ
starts deviating significantly from the quasistatic limit.
Note that, since in the symmetron model, the fifth force
is Fφ ∝ ∇φ2/M2, these values can be immediately ex-
trapolated to the impact of the waves on this quantity
[8].
The dependence of the γ PPN parameter on the wave
4Figure 2. Maximum increase in the PPN parameter |γ−1| due
to incoming scalar field waves at the position of the Sun in the
Galaxy (8 kpc from the center) as a function of amplitude and
frequency of the incoming waves. The color indicates by which
factor |γ − 1| is increased when compared to the quasistatic
case with no waves.
amplitude is straightforward to understand: When a
wave propagates through the screened regions of the halo,
a larger amplitude wave will lead to larger displacements
of the field from the screening value φ ≈ 0. Therefore,
|γ − 1| ∝∼ φ2 will increase accordingly.
The frequency dependence of the γ parameter is a con-
sequence of the following: The effective potential of the
symmetron grows steeper and narrower in high density
areas. In other words, the mass of the field increases to-
wards the center of the halo. Therefore, it becomes more
difficult to perturb the field away from the minimum, and
a higher wave energy is needed to displace it. Specifically,
if the energy of the external waves is small compared to
the mass of the field, the field will not be perturbed and
the γ parameter will not be affected.
The results obtained in this Letter imply that if waves
with sufficient amplitude or frequency can somehow be
generated in a given model for modified gravity, they
will have to be taken into account when constraining the
model parameters. Cosmic tsunamis, resulting from ex-
treme events, could even completely ruin the screening
mechanisms in modified gravity by increasing the devi-
ations from general relativity by several orders of mag-
nitude compared to the quasistatic case. A subject that
that must be discussed now is the generation of such
waves. Extreme events on small scales, such as collision
of neutron stars, stellar, or super-massive black holes are
obvious examples. Generation of waves by pulsating stars
are another possibility [15].
In the specific case of the symmetron model, it is pos-
sible to obtain waves from events that occur on cosmo-
logical scales. First, the symmetron model undergoes
a phase transition when the density falls below a spe-
cific threshold. This transition first occurs in voids when
the expansion factor is close to aSSB [6, 14]. When this
happens, the scalar field receives a kick, which produces
waves traveling from the center of the voids towards the
dark matter halos. By doing postprocessing of simula-
tions presented in [16], we find that, in a symmetron
model with slightly different parameters, the amplitude
of cosmological waves is typically smaller that 0.1 and the
associated frequencies are of the order of 1/Myr. Note
that these values depend on the model parameters and,
hence, must be taken only as indicative. Scalar waves
can also be created through the collapse of topological
defects, which are known to exist in any model in which
such phase transition occurs. The energies associated
with these kinds of waves are studied in [17].
Conclusions.—Modifications to general relativity have
long been studied, both when searching for the source of
the accelerated expansion of the Universe, and to con-
struct a UV complete theory of gravity. However, there
are strong Solar System constraints on the deviation from
Einstein’s gravity when extending the theory by adding
new degrees of freedom. Thus, the viability of modified
theories of gravity is strongly dependent on the existence
of a screening mechanism that suppresses any extra de-
grees of freedom at these scales. In this Letter, we show
that waves propagating in an additional gravity degree of
freedom, may significantly spoil the screening mechanism
and, hence, jeopardize the viability of the given modified
gravity theory. Specifically, we show that waves in a given
model can increase the amplitude of the fifth force and
the post-Newtonian parameter |γ − 1| by several orders
of magnitude, rendering theories previously assumed to
be viable unfeasible.
We reach our conclusions by performing numerical sim-
ulations of the propagation of waves through a Milky
Way sized dark matter halo. For a particular set of model
parameters, we determine the importance of the amp-
litude and frequency of the incoming waves. Increased
amplitudes and frequencies (i.e., higher energy waves)
lead to a greater impact on observables associated to the
Solar System.
Our results were obtained in the context of a specific
model of modified gravity, the symmetron model. We
expect that they can be generalized to other models as
well. For instance, including an extra disformal term
in the coupling of the symmetron field can increase the
amplitude of the oscillations of the scalar field in the cen-
ter of the halos [16], thus, weakening the efficiency of the
screening mechanism even further. Waves were also stud-
ied in a particular version of f(R) theories [18]. While
the impact of these waves was found to be negligible in a
cosmological context (i.e., structure formation), their ef-
fect in Solar System tests may still be detectable and help
in further constraining the model. To demonstrate that
5similar effects can be expected in other theories, we pro-
pose a simple calculation regarding a viable chameleon
model [19] (n = 1, M = 10−3MPl, Λ = 2meV). When
a white dwarf explodes as a type Ia supernova, waves in
the chameleon field will be measurable at several Mpc
distance. Full details on this calculation can be found in
the Supplemental Material [20].
The applicability of the quasistatic approximation
should be carefully analyzed when obtaining constraints
for modified gravity theories from Solar System exper-
iments. Our results show that, in modified gravity, the
Solar System—and indeed, the Galaxy—can not be stud-
ied in isolation; events that occur on cosmological scales
might actually impact events that happen in the inner
Solar System. While our conclusions make it more dif-
ficult to build viable modified gravity theories based on
screening mechanisms, the existence of nonstatic effects
opens a completely new window for developing new tests
of gravity.
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6Supplemental Material: Chameleon Waves from
Supernova Type Ia
In this supplementary material we do an order-of-
magnitude estimate of the effects of Chameleon scalar
field waves generated by a type Ia supernova. We will
first find the energy that can be released into scalar field
waves in such an event, and then consider the amplitude
of scalar waves with this energy. Finally, we will pre-
dict the measurable impact on |γ − 1| from waves with
this amplitude. All calculations are initially performed
with natural units ~ = c = 1, with preferred units of
mass. These will then be translated to lengths or times
as needed.
Let us regard a simple n = 1 Chameleon field with
effective potential
Veff = ρ
(
1 +
β
MPl
φ
)
+
M5
φ
. (7)
For such a model, the scalar field value at the minimum
of the potential and the effective mass will be given by
φmin =
(
M5MPl
ρβ
)1/2
, (8)
meff =
(
4ρ3β3
M3PlM
5
)1/4
. (9)
To be specific, we set
M = 0.2meV ≈ 10−31MPl,
β = 103,
in agreement with all current observational and experi-
mental constraints [19][21]. This choice corresponds to a
Chameleon range in the background density of the uni-
verse of λc = 1/meff = 0.04 parsec.
For the supernova, we will assume the simplest possible
model: a white dwarf – located in or close to our Milky
Way – with radius 2 × 106 m, and mass 1.4M⊙; it has
a density of about ρWD = 10
37ρ0. This white dwarf is
completely destroyed over some short time, spreading the
matter evenly over several parsec such that ρend ≪ ρWD.
Inside the white dwarf, the Chameleon field range will be
sub-micrometre scale, so we can safely assume φ = φmin
throughout the white dwarf.
The proposal is that there is a significant energy differ-
ence for the scalar field when the effective potential goes
from a density of ρWD to ρend. This energy difference
will be released (at least partially) in the form of scalar
field waves. Assuming the field follows the minimum of
Veff as the density changes, one can insert the expression
for the field value (8) into the effective potential equation
(7).
Veff = ρ+ 2
(
M5βρ
MPl
)1/2
. (10)
The change in the effective potential when the density
goes from ρWD to ρend can then be found from
∆Veff = ρWD−ρend+2
(
M5β
MPl
)1/2 (
ρ
1/2
WD − ρ1/2end
)
. (11)
Using the conversion factors
ρ0 = 3Ω0H
2
0M
2
Pl ≈ H20M2Pl,
H0 = 2× 10−4Mpc−1 ≈ 6× 10−61MPl,
one finds the energy density expected at the source of the
supernova,
∆Veff ≈ ρWD ≈ 3.6× 10−84M4Pl. (12)
The other terms of equation (11) are many orders of mag-
nitude smaller and can be safely neglected for this pur-
pose. Assuming no Hubble friction, this energy will be
diluted with 1/r2 as the waves travel radially outward,
until they reach the Solar System.
Now we need to estimate the amplitude of oscillations
of the field resulting from this release. Close to the sun
– where Cassini measured γ [13] – the average density is
around ρ⊙ ≈ 1029ρ0. If the field is at rest at the bottom
of the effective potential, it will have a field value dictated
by equation (8). For small φ, the Chameleon will have
a γ parameter following |γ − 1| ∝ φ. Inserting numbers,
we find
φmin,⊙ =
(
2.7× 10−67M2Pl
)1/2
= 5.2× 10−34MPl.
To increase |γ − 1| by a factor of 10, we would need
oscillations within the potential with enough energy to
lift φ from φmin,⊙ to 10×φmin,⊙ given a constant density
ρ⊙. To find numbers for the energy density needed, we
can calculate the difference in the value of the effective
potential Veff when going from from φmin,⊙ to 10×φmin,⊙.
∆Veff = Veff (φ = 10φmin,⊙)− Veff (φ = φmin,⊙) (13)
= 9ρ⊙
β
MPl
φmin,⊙ − 9M
5
10φmin,⊙
,
=
81
10
(
ρ⊙βM5
MPl
)1/2
,
≈ 1.5× 10−121M4Pl. (14)
When comparing this to the scalar field energy released
7in the supernova (equation 11), one can find that even if
less than 1% of the energy is released into waves (the rest
can be transferred to the nearby matter through the fifth
force), one should be able to measure a 10-fold increase in
|γ − 1| as far as 10 Mpc away from the supernova – a dis-
tance within which there are several hundreds of galaxies.
This serves as proof that there exists phenomena that can
release measurable scalar field waves in viable Chameleon
models as well as the symmetron model presented in the
Letter.
On a final note: if we are at a minimum and not at a
maximum of a wave, it could significantly lower the value
of |γ − 1|. How long time will it take for the measurable
maximum to arrive? To find the frequency of the waves,
let us model the effective potential around φmin to second
order in δφ, we find
Veff ≈ Vmin +M5
(
ρβ
M5MPl
)3/2
(δφ)2 , (15)
a simple harmonic oscillator with natural frequency
ω0 =
√
2M5
(
ρβ
M5MPl
)3/4
. (16)
Considering the energy scales we have been using in the
Letter and in this reply, δφ is not small enough for this
approximation to hold perfectly, but the order of mag-
nitude should nevertheless give us a useful estimate. In-
serting the average density of the universe ρ0, and the
chosen Chameleon parameters, we find
ω0 =
√
2× 10−155M5Pl
(
3.6× 1037M−2Pl
)3/4
,
ω0 = 6.6× 10−50MPl ≈ 2× 10−7Hz,
in the order of a couple oscillations per year. Such a
frequency is viable to observe in e.g. the rate of change
of γ over time.
